Numerous investigators (1) have shown that exposure of solutions of enzymes to ionizing radiation results in loss of enzymatic activity. Dale and his coworkers (2, 3) demonstrated that the enzyme molecules are not inactivated by x-rays directly, but indirectly, through reaction with intermediate products formed by the action of the ionizing radiations on the solvent. The hypothesis of the indirect action of radiation was originally proposed and developed in great detail by Risse (4) and Fricke et al. (5) (6) (7) , who used principally inorganic and simple organic compounds as their test materials. Such indirect reactions are usually characterized (6, 8) by a reaction yield which is independent of the concentration of the solute when this is above a certain value characteristic of the system. For example, the ionic yield for the inactivation of solutions of carboxypeptidase by x-radiation was found (9) to be constant for all concentrations greater than 6 X 10 -6 M. This, however, is the only pure enzyme for which published data covering a wide range of concentrations are available. When preliminary experiments in this laboratory (10) on the inactivation of solutions of crystalline trypsin ranging from 1 X 10-7 to 2 X 10 -4 ~ demonstrated that the reaction yield increased continuously with increasing concentrations of trypsin, a detailed study of the phenomenon was undertaken. Some of the results of these investigations, using 0.005 ~r hydrochloric acid as the solvent, are presented in this paper. The results of experiments in which other solvents were used will be published subsequently.
had been purified by fractionation with trichloracetic acid (12) . A 10 per cent solution of the enzyme was dialyzed (13) for 48 hours at 2°C. against 0.0025 N hydrochloric acid, frozen in carbon dioxide snow, and dried in vacuo from the frozen state (14) . Three preparations of trypsin obtained by this method gave essentially identical results in the radiation studies.
Determination of Tryptic Aaivity.--The tryptic activity of the solutions was determined 1 by the hemoglobin procedure of Anson (15) , with digestion periods varying between 10 and 120 minutes depending on the concentration of trypsin. Standard calibration curves were used for each period of digestion.
Irradiation Technique.--The source of radiation was a water-cooled, off-immersed, shielded x-ray tube (Eureka X-Ray Tube Company) operated, unless otherwise noted, at 140 kv. and 7 ma. The dosage rate at the position of the solutions being irradiated was determined before and after each period of irradiation with a calibrated 250 r Victoreen condenser r-meter (Glasser-Seitz type), and was usually of the order of 450 r per minute. Determinations of the dosage rate by chemical dosimetry (20, 21) showed (22) that 90 per cent of the administered radiation was utilized by the solutions.
Unless otherwise stated, the enzyme solutions to be irradiated were prepared by dissolving the lyophilized trypsin in 0.005 i~1 hydrochloric acid, the final pH of the solutions being 2.4. Water could not be used as the solvent because different concentrations of trypsin in water have different pH values and the rate of inactivation by x-rays was found to be a function of pH (10, 23) .
The following precautions were taken to avoid contamination with impurities which might protect the enzyme from the effect of radiation (6, 24) . The work was done in isolated quarters free of volatile organic compounds (10) . All glassware to be used in the radiation experiments was soaked in a 0.4 per cent alconox solution for 24 hours, thoroughly cleansed, rinsed in tap water, distilled water, and glassredlstilled water, dried, and stored in a dust-free atmosphere. The trypsin solutions were prepared immediately before use; the 0.005 N hydrochloric acid was prepared daily from a 1 ~ stock, using water which had been twice redistilled in a pyrex glass distillation apparatus from an alkaline potassium permanganate solution (10 ml. of 1 Tryptic activity was also determined in a few experiments by the spectrophotometric procedure of Kunitz (16) , since Verbrugge (17) had reported that the "Mason colorimetric technique is not generally applicable to irradiated enzymes." This statement was based on experiments on the inactivation of trypsin by ultraviolet radiation in which Verbrugge had found that higher quantum yields were obtained when Anson's colorimetric hemoglobin method was used for estimating tryptic activity than when the activity was determined by titrimetric procedures using hemoglobin, casein, or benzoyl-/-arginine amide as substrates. We found, on the contrary, that parallel determinations with either Anson's colorimetric hemoglobin method or Kunitz's spectrophotometric casein procedure gave identical reaction yields. Goldenberg and McLaren (18) have since found that the quantum yields for the inactivation of trypsin or chymotrypsin by ultraviolet radiation are independent of the methods of assay and of the substrates, natural or synthetic, used to determine enzymatic activity. Similar results were obtained with pepsin (19) . 0.1 M potassium permanganate plus 5 ml. of 0.1 M sodium hydroxide per 1000 ml. of water), the last distillation being carried out immediately before use.
The following procedure was adopted to insure uniformity of radiation. Samples of 1.1 ml. of the solution to be irradiated were pipetted into lucite cups (made from solid rod and thoroughly soaked in water before initial use to remove any plasticizer, which might act as a protecting agent). The cups were then capped with 0.05 mm.
FIO. 1. Apparatus for uniform exposure of trypsin solutions to x-rays. aluminum foil and set in a series of depressions at 2.2 cm. radial distance from the center of a circular lucite holder (Fig. 1) , which was attached to a stirring motor by means of sectional metal rods. The holder was centered under the x-ray tube, generally at a distance of 5 inches from the window, and rotated at 78 ~.P.~t. Sample cups were removed after various times of exposure to the x-rays, and left at 0-5°C. until assayed (done as routine 1 hour after the last sample was taken). As each cup was removed it was replaced by another containing 1.1 ml. 0.005 N hydrochloric acid. Control solutions were left in similar lucite cups for the same time at the same temperature as the solution being x-rayed. No spontaneous inactivation of the enzyme solutions was observed with the concentrations of trypsin used.
Uniformity of irradiation is obtained by this procedure, as shown by the fact that in each of six experiments the variations found in assays of nine simultaneously irradiated samples were no greater than those found in assays of non-irradiated controls. For example, analysis of the data of a typical experiment showed the coefficient of variation of the mean activity of the control solutions to be 2.61 (1.70-3.52), ~ that of the irradiated ones (50 per cent decrease in activity), 2.57 (1.66-3.48). centration of active trypsin is a linear function of the radiation dose administered. The inactivation of trypsin solutions by x-rays is thus a reaction of the first order; that is, the rate of inactivation at any given instant is directly proportional to the concentration of trypsin at that instant? Therefore the rate of inactivation of trypsin by x-radiation can be easily determined, for any given set of experimental conditions, from the slope 4 of the regression line (calculated by the method of least squares) obtained when the logarithm of the trypsin concentration is plotted against the radiation dose. Knowing the specific activity (number of trypsin units per milligram of nitrogen) of the sample of trypsin used and assuming its molecular weight to be 36,500 (12) , and its nitrogen content 16.13 per cent (12), the reaction yield, b that is, the number of micromoles of trypsin per liter inactivated per 1000 r, can be calculated.
RESULTS
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is obviously the best. Furthermore, only in the case of the first order reaction plot do the values for y scatter about the straight line in a random manner. The reciprocal of this slope divided by 2.3 is known as the 37 per cent inactivation dose (26).
6 Reaction yields in radiation chemistry are often expressed as the number of molecules reacting per ion pair produced in the system, that is, as ionic yields. Since the number of ions created in a liquid is unknown, however, we prefer to express the reaction yields in the arbitrary units defined above. If one assumes that the energy needed to produce an ion is the same in water as in air, then the reaction yields given in this paper can be converted into approximate ionic yields by multiplying them by 0.36 (26) .
Relation of Reaction Yield to the Initial Trypsin Concentration.--Complete
inactivation curves (over 90 per cent of the tryptic activity destroyed) similar to those shown in Fig. 2 were obtained for concentrations of trypsin ranghag from 1 × 10 -7 to 2 × 10 --s ~, and partial inactivation curves (50 per cent destruction) for concentrations up to 2 X 10 -4 M. Each curve was analyzed by the method of least squares, and the number of micromoles of trypsin per liter inactivated per 1000 r was calculated from the slopes of the regression lines. The data are summarized in Table I . It is evident that the reaction yields for the inactivation of solutions of trypsin in 0.005 • hydrochloric acid increase markedly as the initial concentration of trypsin is increased.
When the reaction yields are plotted as a function of the initial concentration of trypsin (Fig. 3) they fall approximately on a curve given by the expression of y a xN, in which y is the reaction yield, x is the concentration of trypsin, and N is a constant. Theoretical considerations for such a curve have been given by Dale et al. (27) and by Lea (26) .
Relation of Reaction Yield to the Intensity and Quality of X-Rays.--The reaction yield of inactivation of dilute solutions of crystalline trypsin by x-rays was found, within the limited extent of conditions studied, to be independent of the intensity at which the radiation was delivered (controlled by varying the distance between source and target) or the quality of the x-rays (controlled by filters). Some typical results are presented in Table II . Similar results were obtained by Rothstein (28) , using impure trypsin preparations and controlling the hardness of the radiation by varying the potential difference applied to the x-ray tube. 
TABLE II
Rdat~on of Reaction Yield to the Intensit ¢ and Quality of X-Radiation
Effect on Reaction Yield of Diluting Irradiated Samples of
Trypsin.--Solutions of trypsin more concentrated than 1 X 10 --6 • have to be diluted before they can be assayed. Fricke and Petersen (29) noted that, when irradiated samples of hemoglobin were diluted, a rapid process was induced--noticeable in 5 minutes and continuing for hours--which resulted in progressive diminution of the hemoglobin content. Irradiated trypsin solutions do not show this phenomenon. Reaction yields of 0.0981 (0.0966-0.0996) and 0.102 (0.0959-0.108), respectively, were obtained when aliquots of an irradiated 1 X 10 -6 trypsin solution were assayed immediately after irradiation without dilution and after a tenfold dilution (digestion time increased accordingly). The data in Table III confirm these findings. They also show that irradiated solutions of trypsin are stable when stored at 3°C. although they are unstable at higher temperatures (30) .
Effect of Aeration on the Reaction Yield.--In general, all the solutions used for the irradiation studies reported here were air-saturated. The results of preliminary experiments on the effect of oxygen on the reaction fields show no essential differences between oxygenated and air-free solutions. For example, for a 0.93 )< 10-6 ~ solution of trypsin, reaction yields of 0.0909 (0.0757-0.106) and 0.0947 (0.0835-0.106) were obtained with aerated and air-free solutions, respectively. Similar results have been obtained with carboxypeptidase (9) and ribonuclease (31) .
The possibility that ozone, generated by the x-ray tube, played a role in the radiation effects noted was tested by comparing the reaction yields obtained in the usual experimental set-up with those obtained when the samples were covered with a layer of mineral oil or liquid silicone during irradiation. Reaction yields, for a 2.24 X 10 -5 M trypsin solution, were 0.321 (0.299-- * These samples were left in an illuminated cold room (100 watt tungsten lamp at a disance of 5 feet). It is evident that under these conditions there was no photoreactivation. 0.343), 0.330 (0.287-0.374), and 0.320 (0.306-0.335), showing that, if ozone was being generated, it did not affect the results obtained.
Effect of Irradiated Hydrochloric Acid on Dilute Solutions of Crystalline Trypsin.--X-rayed hydrochloric acid was found to have no effect on the activity of solutions of crystalline trypsin. For example, a solution of trypsin in 0.005 n hydrochloric acid that had received 35,000 r immediately before use, when assayed after 4 hours at 25°C., had 623 (612-635) X 10 -n units; control solutions in non-irradiated hydrochloric acid had 616 (607-624). Such a solution of trypsin would have lost 84 per cent of its activity had it received this amount of x-radiation directly.
DISCUSSION
When dilute solutions of trypsin are inactivated by x-radiation exponential dose-reaction curves are obtained, as in the case of other proteins (9, 28, 29, 32) , in contrast to the linear dose-survival relationship found when solutions of small molecules are irradiated. Such exponential dose-reaction curves are to be expected, according to the theory of the indirect action of radiation, when the products of the reaction are capable of further reaction with "activated" water and so will compete for it (cf. 26, 27, 33). They are not, as has sometimes been assumed, evidence that the effects result from a direct inactivation of the protein molecules by the ionizing radiation.
One of the most characteristic features of the indirect action of radiation is the dependence of the reaction yield on the solute concentration. If the
TABLE IV
Variagon in Concentration of Solute Required for Constant Reaction Yields
Solute Carboxypeptidase (9) AUoxazine adenine dinucleotide (34) Pepsin (7) Crystalline trypsin Crude trypsin (7) Glutathione ( latter is sufficiently high most of the active radicals will react with solute molecules rather than with each other, and the reaction yield will be independent of the solute concentration. If the solute concentration is low, however, an appreciable proportion of the active radicals will recombine before reacting with the solute molecules and the reaction yield will decrease. Among the determining factors are the ratio of the number of solute molecules to the number of active radicals and the affinity of the solute molecules for the radicals. The concentration of solute at which constant reaction yields are obtained varies markedly with the material being investigated. Several representative examples are given in Table IV .
The writer was assisted in this work by Mrs. William Belser and Miss Jane Judge, whose careful efforts she gratefully acknowledges. She also wishes to thank Dr. Berwind P. Kaufmann for his encouragement during the course of this investigation, and to express her gratitude to Dr. Bruce Wallace and Miss Catherine Carley for their assistance with the statistical analysis.
SUMMARY
The activity of dilute solutions of crystalline trypsin is destroyed by x-rays. The inactivation is an exponential function of the radiation dose. The reaction yield of inactivation is independent of the intensity at which the radiation is delivered or the quality of the x-rays. The reaction yield increases with increasing concentration of trypsin, varying from 0.06 to 0.7 micromoles per liter per 1000 r for trypsin solutions ranging from 1 X 10 -~ to 2 X 10 -'4 ~r.
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